. Effects of training and a single session of exercise on lipids and apolipoproteins in hypercholesterolemic men. J. Appl. Physiol. 83(6): 2019-2028 , 1997 .-To differentiate between transient (acute) and training (chronic) effects of exercise at two different intensities on blood lipids and apolipoproteins (apo), 26 hypercholesterolemic men (cholesterol ϭ 258 mg/dl, age ϭ 47 yr, weight ϭ 81.9 kg) trained three times per week for 24 wk, 350 kcal/session at high (80% maximal O 2 uptake, n ϭ 12) or moderate (50% maximal O 2 uptake, n ϭ 14) intensity. Serum lipid and apolipoprotein (apo) concentrations (plasma volume adjusted) were measured before and immediately, 24, and 48 h after exercise on four different occasions corresponding to 0, 8, 16, and 24 wk of training. Data were analyzed using three-way repeatedmeasures multivariate analysis of variance followed by analysis of variance and Duncan's procedures (␣ ϭ 0.05). A transient 6% rise in low-density-lipoprotein cholesterol measured before training at the 24-h time point was no longer evident after training. Triglycerides fell and total cholesterol, highdensity-lipoprotein cholesterol (HDL-C), HDL 3 -C, apo A-I, and apo B rose 24-48 h after exercise regardless of training or intensity. Total cholesterol, HDL 3 -C, apo A-I, and apo B were lower and HDL 2 -C was higher after training than before training. Thus exercise training and a single session of exercise exert distinct and interactive effects on lipids and apolipoproteins. These results support the practice of training at least every other day to obtain optimal exercise benefits.
ENDURANCE EXERCISE is widely recommended in the treatment paradigm of various hyperlipoproteinemias for its putative antiatherogenic action on circulating lipids and apolipoproteins and to improve cardiorespiratory fitness, which may lower atherosclerotic risk independent of lipids and other risk factors (12, 25) . Support for this practice, however, is largely based on research in normocholesterolemic subjects. Training studies in hypercholesterolemic subjects are rare, and lipid results are inconclusive (19, 28, 29) . Indeed, the generally held notion that exercise training by previously sedentary, normocholesterolemic individuals invariably results in beneficial changes in blood lipids is not beyond dispute. Although training of sufficient volume and duration may promote modest increases in blood concentrations of high-density-lipoprotein (HDL) cholesterol (HDL-C), HDL 2 -C, HDL 3 -C, and apolipoprotein (apo) A-I, as well as decreases in triglycerides (TG) (7, 10, 32, 38) , negligible changes in these blood constituents after training have been reported with a considerable degree of regularity (7, 10) . Explanations advanced for these discordant findings include interstudy differences in subject pretraining lipid concentrations, diet, weight loss, body composition, and training volume and intensity (7, 10, 34) . In addition to these explanations, the timing of blood collection after the most recent training session could influence study outcomes. It is apparent that the energy demands of a single session of endurance exercise can transiently alter lipid metabolism, causing measurable changes in circulating lipid and apolipoprotein concentrations, as well as changes in the distribution of lipids among lipoproteins, which persist for hours or days after exercise. Lower blood total cholesterol (TC), TG, and low-density-lipoprotein (LDL) cholesterol (LDL-C) concentrations, along with higher HDL-C and HDL 2 -C, all changes often attributed to training, have been measured in trained individuals immediately and up to 72 h after completion of exhaustive physical exercise (9, 10, 22, 31) . Because the time of blood sampling was either not controlled or occurred Յ48 h after the last training session in the majority of published training-lipid studies, findings attributed to training may have been confounded by transient changes in blood lipid concentrations induced by recent exercise. On the basis of these findings, it can be logically proposed that the lipid benefit of exercise arises, at least in part, from a transient lipid response to the most recent episode(s) of exercise. This proposition has been advanced by Holloszy et al. (18) and later by Haskell (16) , but we are aware of no published training studies in which it has been tested, even though it has important relevance for exercise recommendations to improve public health.
Whether the transient lipid response itself is altered by training is another dimension of this problem. Qualitatively different transient changes in lipids and apolipoproteins have been shown to occur after a single session of exercise in trained compared with untrained normo-and hypercholesterolemic individuals (4, 22, 26) . This naturally leads to the conjecture that training influences lipid metabolism and that the effect is manifested, at least in part, as an altered transient response. This hypothesis has not been tested in a longitudinal training study. Thus the primary objective of our study was twofold: 1) to differentiate between transient (acute) and training (chronic) effects of exer-cise on blood lipid and apolipoprotein concentrations in hypercholesterolemic men and 2) to determine the extent to which the transient response is altered by training.
We recently reported that intensity of exercise did not influence the transient changes in lipid and apolipoprotein concentrations that occurred up to 48 h after exercise in untrained, hypercholesterolemic men (4). This does not, however, rule out the possibility that after training the transient response is modified by the intensity at which exercise is performed. Support for this notion is provided by the findings that larger postexercise increases in HDL-C concentrations may occur in trained runners after high-compared with low-intensity exercise (15, 17) . Thus a secondary purpose of our study was to test the hypothesis that, after training, relatively greater postexercise changes in lipids and apolipoproteins, particularly a greater rise in HDL-C, would occur after a single session of highcompared with moderate-intensity exercise.
MATERIALS AND METHODS

Subjects
Physically untrained adult men with known or suspected elevated total cholesterol concentrations were recruited from the Texas A & M University and the greater College Station, TX, communities to participate in the study. Potential volunteers were solicited for participation through advertisements placed in university faculty and staff publications and through phone contacts to men with elevated cholesterol previously measured during cholesterol screenings on the university campus, at a local medical clinic, and at a local manufacturing plant. Exclusionary criteria included total cholesterol Ͻ200 mg/dl, regular aerobic exercise in the past 3 mo, medical contraindications to exercise, and use of tobacco products or drugs known to alter lipid metabolism. Thirtyseven volunteers met the study criteria and gave written informed consent to participate. Twenty-six of the 37 subjects completed all phases of the data collection and Ն90% of all supervised training sessions; only data from these 26 subjects are included in the analyses. Eighteen of the 26 men could be classified as having high blood cholesterol (Ͼ240 mg/dl) and 8 as having borderline-high blood cholesterol (200-239 mg/dl) on the basis of the pretraining assessment of lipids (24). The molecular basis for cholesterol elevation was not determined for any of the subjects. However, the suggestion of a heritable trait for hypercholesterolemia was evident for 2 of the 26 subjects, who self-reported blood relatives with known high blood cholesterol on the medical history screening instrument used in the study. Of the 11 subjects who were lost to follow-up, 3 men relocated, 6 gave time conflicts as reason for dropping out, and 2 developed physical problems that prohibited cycle ergometer exercise. Lipid and physiological characteristics of the 11 dropouts were not different before training from the 26 men who completed the study (t-test, P Ͼ 0.05).
Procedures
General study protocol. All research procedures were approved by the Texas A & M University Institutional Review Board for Human Subjects in Research. On the first visit to the laboratory, the cholesterol status of all volunteers was verified by Reflotron analysis, and subjects were asked to complete a detailed medical and activity questionnaire. Subjects meeting the study criteria were asked to return to the laboratory, where they were informed of the study procedures, read and signed an institutionally approved informed consent instrument, were familiarized with the exercise testing equipment, and received instructions for completing the diet records. The 37 subjects meeting the study criteria were phased into the study in 4 cohorts consisting of 10, 9, 9, and 9 subjects each session spaced 2 wk apart to accommodate subject scheduling preferences as well as our own laboratory testing limitations. Physiological and demographic assessments were completed on the second visit to the laboratory. Three to 7 days later, subjects returned a third time, were assigned randomly to a moderate [50% of maximal O 2 uptake (V O 2 max )] or high (80% V O 2 max )-exercise-intensity group, and completed the pretraining experimental exercise protocol. The men began their individualized training program within 1 wk of completing the experimental exercise protocol. All testing procedures were repeated after 8, 16, and 24 wk of training. In general, pretraining and posttraining blood sampling procedures were matched for time of day (Ϯ1 h). Exercise was withheld for 60-72 h before the preexercise blood sample was drawn at the beginning of each experimental exercise protocol (Fig. 1) .
Diet procedures. Subjects were instructed to maintain their normal dietary habits throughout the study. No attempt was made to modify the nutrient composition of the men's diets or total caloric intake. Dietary habits, however, were assessed on four separate occasions coinciding with each testing period. For each assessment, subjects were instructed to record their dietary intake for 3 days, including 1 weekend day. The 3-day dietary records were analyzed for total caloric intake and for carbohydrate, fat, protein, and cholesterol composition using a commercially available computer software program (NutriProctor, San Diego, CA).
Physiological assessments. Percent fat and lean body mass were calculated from body density measured hydrostatically at residual volume (2) . Waist girths and waist-to-hip ratios were measured as indexes of regional adiposity. An incremental maximal exercise test was conducted on a friction-braked cycle ergometer (model 868, Monark) using the following protocol: 2 min at 15 W then 2 min at 60 W for warm-up, followed by a 30-W increase every 2 min until exhaustion. Blood pressure, heart rate, ratings of perceived exertion, and a 12-lead electrocardiogram (model Q4000, Quinton Instrument, Seattle, WA) were recorded at the end of each stage, at maximal exertion, and every 2 min throughout a 6-min recovery. Respiratory gas exchange (O 2 uptake and CO 2 output) was measured continuously and averaged over 15-s intervals using a commercially available automated system (model 2001 Exercise Stress Testing System, Medical Graphics); V O 2 max was defined as the highest observed O 2 uptake (ml/min). At least two of the following criteria were required for the exercise test to be considered valid: 1) achievement of maximum heart rate within 10 beats/min of the age-predicted maximum, 2) rating of perceived exertion Ͼ18, 3) respiratory exchange ratio Ͼ1.1 at maximal exertion, or 4) O 2 uptake plateau, despite further increases in workload.
Experimental exercise protocol. Subjects reported to the laboratory in the morning after a 12-h fast (water allowed ad libitum), and preexercise blood samples were drawn after 5 min of seated rest (blood collection procedures described below). Within 10 min of collection of the preexercise blood sample, subjects began exercise on a stationary cycle ergometer. The exercise protocol consisted of three successive 1-min rides at 15, 30, and 60 W for warm-up followed by exercise at their assigned intensity (moderate or high) for a duration required to expend 350 kcal of energy. Duration (min) was determined by dividing 350 kcal by the rate of energy expenditure (kcal/min) at the required exercise intensity. The rate of energy expenditure was calculated from the energy-O 2 equivalent (23) at the respiratory exchange ratio corresponding to 50 and 80% V O 2 max . Respiratory gas exchange, exchange ratio, heart rate, and blood pressure were measured at 10-min intervals throughout the exercise session, and the workload was adjusted as necessary to maintain the prescribed intensity. Blood samples were obtained immediately postexercise (IPE, i.e., 5 min postexercise), then again 24 (ϩ24 h) and 48 h (ϩ48 h) later (time of day controlled Ϯ1 h). All exercise was discontinued for 48 h after the completion of the experimental exercise session until all postexercise blood sampling procedures were completed.
Blood sampling and biochemical analysis. After 5 min of seated rest, blood was drawn without stasis from an antecubital vein into 15-ml Vacutainer tubes containing a separation gel with a clot activator (no. 6432, Becton Dickinson). Hematocrit and hemoglobin concentrations were determined in duplicate in fresh whole blood and were used to estimate changes in plasma volume after the experimental exercise session (8) . Serum was isolated within 3 h of collection at 4°C by centrifugation (1,500 g for 30 min). HDL and HDL 3 were separated from aliquots of serum by precipitation (14, 35) . Serum and the HDL and HDL 3 fractions were frozen at Ϫ60°C.
Aliquots of frozen serum samples collected during the experimental exercise protocol (4 samples/subject) were thawed within 2 wk of the completion of each training period (pretraining and 8, 16, and 24 wk) and analyzed for concentrations of TC, TG, HDL-C, and HDL 3 -C (1, 3). Serum HDL 2 -C concentration was calculated as the difference between HDL-C and HDL 3 -C; LDL-C was estimated (13) . All samples for apo A-I and apo B testing were thawed and analyzed after completion of the study (27) . Samples from each subject were analyzed in the same analytic run, and assays were performed in duplicate, then averaged for statistical analysis. Internal quality control was maintained during each analytic run using serum of known lipid and apolipoprotein content. No differences in the average lipid values of the control serum among the four study training periods (pretraining and 8, 16, and 24 wk) were significant [analysis of variance (ANOVA), P Ͼ 0.05], indicating that laboratory drift over the 24-wk study was negligible. Interassay coefficients of variation were 6% for HDL-C and HDL 3 -C, 4.8% for TC, 7.9% for TG, 3.2% for apo A-I, and 3.6% for apo B.
Exercise training. Exercise training consisted of riding a cycle ergometer at 50% V O 2 max for the moderate-intensity group or 80% V O 2 max for the high-intensity group 3 days/wk for 24 wk (72 supervised training sessions). The rate of energy expenditure, workload, and duration of the exercise sessions were calculated from energy-O 2 equivalents as described for the experimental exercise protocol. An individualized, progressive training protocol was utilized so that each subject could meet the caloric requirement of each exercise session without rest intervals. The energy expenditure for both intensity groups was increased 50 kcal every 2 wk from 200 kcal initially to a peak of 350 kcal by the 7th wk of training. Each individual's exercise prescription was adjusted for increases in V O 2 max measured at weeks 8 and 16 to ensure that the prescribed exercise intensity and caloric consumption were maintained throughout the study.
Statistical analysis. The independent factors were exercise intensity (moderate-and high-intensity groups), training period (pretraining and 8, 16, and 24 wk), and time of blood sampling after a single session of exercise (preexercise, IPE, ϩ24 h, and ϩ48 h). The dependent variables of interest were TC, TG, LDL-C, HDL-C, HDL 2 -C, HDL 3 -C, apo A-I, and apo B concentrations. Statistical analysis was completed using log 10 -transformed TC data, since the TC data measured before training were not normally distributed. Data in Tables 1 and  2 are presented in original units (mg/dl). An intensity-bytraining period-by-time multivariate ANOVA (MANOVA) with repeated measures on the second and third factors was employed for the global analysis, since the lipid and lipoprotein variables were interrelated. Follow-up procedures for significant MANOVA effects included repeated-measures intensity-by-training period-by-time ANOVA procedures; Duncan's new multiple range test was employed for post hoc analysis where appropriate. The physiological and diet data were analyzed using 2 (intensity)-by-4 (period) ANOVA with repeated measures on the second factor (Table 1 ); Duncan's new multiple range test was employed for post hoc analyses. Correlational analyses were used to explore relationships between 24-wk changes (calculated as the difference between pretraining and 24-wk preexercise values) in V O 2 max , weight, waist girth, waist-to-hip ratios, and all lipids and apolipoproteins. Because of the exploratory nature of the study, the comparisonwise ␣ level was set at 0.05 for all statistical tests of significance. Thus the experimentwise ␣ level may exceed 0.05 in some instances. All lipid concentrations measured after the experimental exercise sessions (IPE, ϩ24 h, and ϩ48 h) were adjusted for changes in plasma volume.
RESULTS
Physical Characteristics and Diet
The average values for each physiological and dietary variable of interest were collapsed across intensity groups for analysis. As shown in Table 1 , the endurance training program effectively raised V O 2 max (ϳ36%) and resulted in a small but significant reduction in total body weight (Ϫ1.4 kg) and waist girth (Ϫ3.2 cm). Neither estimated total caloric intake nor diet composition changed significantly over the 24-wk study.
Lipids and Apolipoproteins
The average values for plasma volume-adjusted lipids and apolipoproteins at each time point within each group and period are presented in Table 2 . Significant factors by MANOVA included 1) training period-bytime interaction, 2) intensity-by-time interaction, 3) main effect for time, and 4) main effect for training period. Univariate ANOVA follow-up procedures revealed a significant training period-by-time interaction only for LDL-C, which supports the conclusion that the transient change in LDL-C after a single session of exercise was altered after training (Fig. 2) . Furthermore, the intensity-by-time interaction was significant for LDL-C and HDL 2 -C, suggesting that the transient response for these two lipoprotein lipids depended on the intensity at which the exercise was performed (Fig.  3) . Transient changes in plasma volume-adjusted TC, TG, HDL-C, HDL 3 -C, apo A-I, and apo B concentrations were significant at IPE to ϩ48 h (main effect for time was significant for these variables), demonstrating that changes in these lipids and apolipoproteins occurred in response to a single session of exercise regardless of exercise intensity or training status (Fig. 4) . Finally, in these hypercholesterolemic subjects, training was accompanied by a significant change in TC, HDL 2 -C, HDL 3 -C, apo A-I, and apo B concentrations (Fig. 5) . No correlations between 24-wk changes in any lipid or apolipoprotein variable and the physiological variables oxygen uptake, body weight, waist girth, and waist-tohip ratio approached significance.
DISCUSSION
To our knowledge, we are the first to show that the profile characteristics of the transient LDL-C response after a single session of exercise depend on the training status of hypercholesterolemic men. Before training, LDL-C concentration was elevated over preexercise values at ϩ24 and ϩ48 h, but after training this rise was not evident and, in fact, LDL-C fell slightly (4%) by ϩ24 h (Fig. 2) . When pretraining values were compared with those measured at corresponding time points after training, LDL-C was 6% (11 mg/dl) lower at ϩ48 h after 8 wk of training and 9% (17 mg/dl) lower at ϩ24 h after 24 wk of training. Exercise intensity had no detectable influence on this training response. Thus training may suppress the LDL-C rise noted in hypercholesterolemic men after a single session of exercise. Despite this effect on the transient LDL-C response, the average LDL-C concentration (mean LDL-C value collapsed across the intensity and time factors) did not change with training (main effect for training period was not significant for LDL-C), a finding consistent with most published train- ing studies in normocholesterolemic subjects (7, 10) . These results taken together suggest that the primary effect of training on LDL-C is to alter the transient, postexercise metabolism of this circulating lipoprotein, rather than to cause a long-term change in blood LDL-C concentration.
We are aware of no comparable longitudinal studies that have been published. In a cross-sectional investigation, Kantor and associates (22) reported that plasma volume-adjusted LDL-C concentrations were significantly lower than preexercise values in trained and untrained men 10 min after cycle ergometer exercise; LDL-C concentration subsequently returned to baseline (preexercise) within 24 h and remained stable over the next 2 days. Similarly, in our study the nadir of the transient LDL-C response was IPE regardless of training status, but this was followed by a 4-12% rise above preexercise and IPE values 24-48 h later, at least through 16 wk of training. As pointed out above, this postexercise rise was attenuated after 24 wk of training. This delayed rise contrasts with results of other studies in normocholesterolemic men in which LDL-C concentrations were unchanged from preexercise values 24 and 48 h after exercise (5, 15, 21, 22) . We can only speculate as to why our findings differ from those of others. Our subjects were older and carried a greater proportion of body weight as fat than subjects in related studies, both factors that could conceivably influence postexercise lipid metabolism and alter the LDL-C response. It is also reasonable to propose that the abnormal resting lipid metabolism known to accompany some types of hypercholesterolemia (20, 30 ) may contribute to the unique response to exercise noted in our subjects. Whatever the cause, our data suggest that en- Values are means Ϯ SE in mg/dl. HI, high intensity (n ϭ 12); MOD, moderate intensity (n ϭ 14); TC, total cholesterol; TG, triglyceride; LDL-C, low-density-lipoprotein cholesterol; HDL-C, high-density-lipoprotein cholesterol; HDL 2 -C, high-density-lipoprotein fraction 2 cholesterol; HDL 3 -C, high-density-lipoprotein fraction 3 cholesterol; apo A-I, apolipoprotein A-I; apo B, apolipoprotein B. All statistical tests were performed at the 0.05 level of significance: * significant training period-by-time interaction (Fig. 2) ; † significant intensity-by-time interaction (Fig. 3) ; ‡ significant main effects for time (Fig. 4) ; § significant training period main effects (Fig. 5) . In addition to this apparent training effect on the transient LDL-C response, postexercise LDL-C changes, as well as those for HDL 2 -C, varied with intensity (significant intensity-by-time interaction; Fig. 3 ). At 24 and 48 h after moderate-intensity exercise, LDL-C rose significantly, but HDL 2 -C concentration remained unchanged. In contrast, immediately after high-intensity exercise, LDL-C concentration was significantly reduced from preexercise values but subsequently returned to baseline by 24 h; HDL 2 -C concentration concurrently fell slightly, then rose significantly 16% by 48 h. This HDL 2 -C rise led to a significant difference between intensity groups (43% higher in the highintensity exercise group) by 48 h. At no time point were group differences in LDL-C significant. These changes produced by high-intensity exercise would generally be interpreted as favorable with respect to atherosclerotic risk. Few comparative data have been published, and results are inconsistent. Others have shown in related studies in normocholesterolemic men that transient postexercise changes in LDL-C and HDL 2 -C concentrations were not influenced by exercise intensity (6, 15) . Furthermore, in contrast to our null findings for other lipid and apolipoprotein variables, intensity has been shown to be an important mediator of a postexercise rise in TC, HDL-C, and apo A-I concentrations in normocholesterolemic, trained men (15, 17) . We are unable to explain these divergent findings.
A unique aspect of our study was the fact that we could separate the effects of exercise training from the transient (acute) effects of exercise. This is especially relevant in light of the fact that blood for lipid analysis was collected within 48 h of the most recent training session and without regard for potential shifts in plasma volume in a majority of published studies in which a beneficial influence of training on lipids was reported (10, 32, 38) . We measured lipids in blood collected Ն60 h after the last training session and failed to show significant training changes in the established lipid risk markers TG and HDL-C, despite substantial improvements in cardiorespiratory fitness. It could be argued that our inability to detect significant changes in lipids after training in contrast to the findings of others was due to a lack of statistical power stemming from our relatively small sample size. However, the http://jap.physiology.org/ modest changes in TG (Ϫ2 mg/dl) and HDL-C (Ϫ1 mg/dl) we measured from pretraining to 24 wk would be of doubtful physiological consequence even if found to be statistically significant. Previous research suggests that beneficial lipid changes with training may not be independent of weight loss. Because weight loss was modest in our study (Ϫ1.4 kg), one-third to one-fifth the magnitude reported in other lipid studies designed to examine the effects of exercise and weight loss (7, 36, 38) , we cannot rule out the fact that a more substantial decrease in body mass or in waist girth (as a measure of abdominal fat stores) with training may have led to favorable TG and HDL-C changes in our hypercholesterolemic subjects. To explore this notion further in our data set, we correlated 24-wk changes in body weight and waist girth, which ranged from Ϫ5.8 to ϩ1.6 kg and from Ϫ13.9 to ϩ1.5 cm, respectively, with changes in lipids and apolipoproteins. No significant correlations were found to support the weight loss-lipid change hypothesis. Although weight loss may be an important determinant of the magnitude of lipid changes, it has been shown that exercise training without weight loss can produce favorable alterations in lipid metabolism, Fig. 4 . Transient changes in plasma volume-adjusted total cholesterol and triglyceride (A), HDL-C and HDL 3 -C (B), and apolipoprotein (apo) A-I and apo B (C) concentrations after a single session of exercise (significant exercise time main effects). Bars, means collapsed across intensity group and training period factors; error bars, SD. Statistically significant differences across time (preexercise, IPE, ϩ24 h, and ϩ48 h) within each variable are designated by different letters (a, b, or c) associated with each data bar (P Ͻ 0.05). at least in overweight, normocholesterolemic men (33) . It is conceivable that the effectiveness of exercise training and weight loss to promote favorable changes in these lipid risk markers is blunted with hypercholesterolemia.
In contrast to the lack of a training effect, transient and generally favorable changes in the plasma volumeadjusted concentrations of these two lipid risk markers were produced by a single session of exercise (Fig. 4) . It is noteworthy that had our study been a simple training study in which a single blood sample for lipid analysis was collected within 48 h after exercise, increased HDL-C and reduced TG concentrations may have been falsely attributed to training. These results demonstrate the importance of controlling the time of blood sampling after an exercise training session when attempting to measure lipid training benefits and suggest that failure to do so may to lead to confusion with regard to the transient vs. chronic effects of exercise. Furthermore, on the basis of our findings, we propose that at least a portion of the lipid benefit of exercise with respect to these traditional lipid risk markers is realized within 48 h of completion of a single training session, a hypothesis previously advanced by Holloszy et al. (18) and Haskell (16) .
In addition to these transient changes in TG and HDL-C, a rise in plasma volume-adjusted TC, HDL 3 -C, apo B, and apo A concentrations occurred 24-48 h after a single session of exercise (Fig. 4) , effects that were not influenced by training status or exercise intensity. We are aware of no similarly designed longitudinal studies with which to compare our results. The magnitude and timing of the transient response reported in existing cross-sectional literature vary widely. In the majority of studies in normocholesterolemic men, plasma volumeadjusted TC, TG, apo A-I, and apo B concentrations were not significantly altered (5, 6, 15, 17, 21, 22) , whereas HDL-C, HDL 2 -C, and HDL 3 -C were elevated (15, 17, 21, 22) up to 72 h after exercise. Thus the transient rise in TC, apo A-I, and apo B coincident with the fall in TG concentrations noted in our present study may be characteristic of men with elevated cholesterol, and, unlike the LDL-C response, these particular transient changes are not modified by exercise training.
Training was not without some effect, however. Average TC, HDL 2 -C, HDL 3 -C, apo A-I, and apo B concentrations were significantly different from pretraining values in our hypercholesterolemic subjects after 8-16 wk of training (Fig. 5) , effects that likely reflect more long-lasting (as opposed to transient) metabolic adaptations to exercise and occur regardless of intensity and time of measurement after exercise. Caloric intake and the nutrient composition of the subject's diets remained stable by our assessment throughout the 24-wk training period. Thus it is unlikely that the lipid and apolipoprotein responses were confounded by diet. These apparent training results should be interpreted with caution, however, since a nonexercising control group was not included in our study design, and therefore we cannot rule out the influence of seasonal variation on our data. Few comparative training studies in hypercholesterolemic men have been published, although reductions in TC and TG along with increases in HDL-C after training have been variously reported (19, 28, 29) . The rise in HDL 2 -C concentration coincident with a fall in HDL 3 -C in our study is indicative of subtle changes in HDL metabolism after training that would not be apparent if only HDL-C concentrations had been measured and may reflect enhanced reverse cholesterol transport in these individuals. Increased HDL 2 -C concentrations have been measured after training in normocholesterolemic men, especially after exerciseinduced weight loss (38, 39 ). An increase in synthesis and a decrease in catabolism are thought to be responsible for the rise in apo A-I with training in normocholesterolemic subjects (32, 36, 37) . Without kinetic data, we can only speculate that an opposite effect occurred after training in our hypercholesterolemic subjects, i.e., catabolism was enhanced or synthesis decreased (perhaps a combination of both), to cause the measured fall in apo A-I concentration. Others have shown that apo A-I synthetic rates are lower in hypertriglyceridemic than in normal subjects (11) , suggesting a link between apo A-I synthesis and lipid status. Whether apo A-I metabolism is similarly affected by hypercholesterolemia remains to be determined, but a decrease in synthesis would be consistent with our data.
Although apo B has seldom been measured in exercise studies, present evidence in normocholesterolemic subjects suggests that weight loss in addition to exercise is required to induce a decrease in this putative atherogenic apolipoprotein (37, 39) . Our results do not support the need for substantial weight loss, since significant reductions in apo B occurred in our hypercholesterolemic subjects with minimal changes in body weight. Furthermore, in our data, 24-wk changes in body weight and waist girth did not correlate with changes in apo B concentrations.
In conclusion, we have shown that a single session of exercise produces transient changes in lipid and apolipoprotein concentrations in hypercholesterolemic men that are uniquely different from those produced by exercise training. Of immediate therapeutic importance in exercise prescription to lower heart disease risk in this population, favorable changes in the traditional lipid risk markers HDL-C and TG may represent a transient response to the most recent episode of exercise as opposed to an adaptive response to chronic exercise training. Furthermore, these transient changes are produced by moderate-or high-intensity caloricequivalent exercise. Chronic exercise training appears to produce different effects. A transient rise in LDL-C concentration produced by a single session of exercise was no longer evident after training, suggesting that some aspects of postexercise lipid metabolism are altered by training. Modest reductions in TC, HDL 3 -C, and apo A-I and B concentrations, along with a rise in HDL 2 -C, also accompany training by hypercholesterolemic men, and these changes are not affected by training intensity. Although TG and HDL-C were not responsive to training in our study, we cannot rule out the fact that a strategy of exercise training combined with substantial weight loss and a low-fat, lowcholesterol diet may have produced more favorable changes in these lipids, as has been demonstrated by others in normocholesterolemic subjects. Because our data show that changes in lipids and apolipoproteins are prolonged for up to 48 h after a single session of exercise, we recommend that exercise be performed at least every other day by hypercholesterolemic men to maintain the transient lipid benefit and carried out repeatedly over the course of several months to produce long-term metabolic and cardiovascular adaptations conducive to good health. Furthermore, in future studies designed to test the effect of training on lipids, exercise should be discontinued Ն60 h before blood sampling to control for the transient effects of the last episode of exercise.
